The first 3 cycles in the cold crank-start process at 20°C are studied in a GDI engine. The focus is on the dependence of the HC and PM/PN emissions of each cycle on the injection strategy and combustion phasing of the current and previous cycles. The PM/PN emissions per cycle decrease by more than an order of magnitude as the crank-start progresses from the 1 st to the 3 rd cycle, while the HC emissions stay relatively constant. The wall heat transfer, as controlled by the combustion phasing, during the previous cycles has a more significant influence on the mixture formation process for the current cycle than the amount of residual fuel. The results show that the rise in HC emissions caused by the injection spray interacting with the intake valves and piston crown is reduced as the cranking process progresses. Combustion phasing retard significantly reduces the PM emission. The HC emissions, however, are relatively not sensitive to combustion phasing in the range of interest.
Introduction
In response to growing concerns over global warming and climate change, the CO2 emissions legislations around the world have become increasingly stringent. Figure 1 shows the evolution of the CO2 legislation for light duty vehicles (LDV) in different parts of the world as they strive towards a goal of approximately 100 grams of CO2 per kilometer during the next decade. Data normalized to NEDC. Adapted from [1] The tightening of the fuel consumption standards has been a driver for the adoption of new technologies during the past decade; among them gasoline direct injection (GDI) engines. According to EPA and NHTSA estimates [2] , downsized turbocharged GDI engines with cooled EGR have a potential for CO2 emissions reduction between 16% and 25% compared to the 2008 gasoline engine (PFI, NA) used as a baseline. As this potential has been tapped during the past decade the market penetration of GDI engines has grown at an accelerated pace (see Fig. 2 ). Despite the advantages in fuel consumption of GDI engines, the liquid fuel injection into the combustion chamber poses emissions challenges, particularly during the cold-start phase where over 95% of the HC [5] and over 75% of the PM/PN [6] tailpipe emissions take place. Market penetration of GDI engines in the US and the EU for the past decade. Data source: US [3] ; EU [4] Figure 3 shows the engine behavior during a typical cold crank-start of a GDI engine. Prior to the first combustion cycle the engine is driven by the starter motor at approximately 280 rpm. After the 1 st combustion event the engine speed increases rapidly and reaches its maximum speed (a.k.a. speed flare) within 1 second. After the speed flare, the engine speed decreases to the targeted cold fast-idle speed. As can be seen from the cumulative engine out emissions in Fig. 4 , the engine cold crank-start is responsible for a disproportionate amount of the cold-start phase emissions. During the initial 4 seconds (0.2% of the total FTP-75 duration) 110 mg of HC and 5 mg of PM were emitted, corresponding to 32% and 15% of the T3B50 limit respectively.
In comparison to all the other operation points during the certification driving cycle, the cold crank-start is subject to the lowest temperature and lowest engine speed. As a result, the fuel evaporation and mixture formation process are compromised and significant over-fueling is necessary to produce an ignitable fuel-air mixture. Because of the large amount of fuel injected, a significant portion of the injected fuel lands on the cold combustion chamber surfaces, resulting in fuel films that fail to evaporate before combustion. Optical investigations conducted by Costanzo et al. [7] provide evidence of the significant role that these fuel films play on HC emissions and PM formation. Additionally, the low temperature impacts negatively the classical HC emissions mechanisms identified by Cheng et al. [8] ; low temperature results in larger crevice volumes, increases the solubility of hydrocarbons into the lubricant oil layer, and intensifies the heat transfer rates from the hot gases into the cylinder walls. The latter increases the flame quenching distance and reduces the post-flame oxidation rate of the resulting pollutants after combustion. Cold crank-start cumulative emissions as percentage of the T3B50/ULEV50 limit [9] . The HC limit of T3B50 assumes the same HC/NOx ratio as the T2B5 standard
This study seeks to expand the understanding of the HC and PM/PN emissions behavior during the cold crank-start process of a GDI engine. For that purpose the initial 3 engine cycles are analyzed individually under a set of parameters that include the mass of injected fuel, the start of injection (SOI), and the ignition timing. Additionally, the interactions between cycles are also considered by studying the impact that the heat transfer history and the residual fuel from previous injection events have on the mixture formation and fuel enrichment requirement of the current cycle.
The research presented on this paper is a natural extension of previous studies by the authors focusing on 1 st cycle emissions and fuel pathway during cold crank-start [9, 10] . This study also builds upon the methodology developed at the Sloan Automotive Laboratory at MIT for experimentally studying the first combustion cycle and the cranking process in PFI engines [11, 12, 13, 14, 15, 16, 17] .
Experimental Methodology

Engine set up
The experiments were carried out using a commercial 4-cylinder, 2 liter GDI engine featuring side-mounted electromagnetic injectors, with a 52° cone angle, a 25° inclination from the horizontal and 6 holes. The variable valve timing (VVT) system was deactivated and a fixed valve timing was used for all of the experiments (see Table 1 ). In real GDI applications the typical fuel pressure for the initial injection events during cranking ranges between 30 and 70 bar [18, 19] and is heavily dependent on engine speed. In the experimental setup used in this study, the fuel pressure was kept independent from engine operation and was maintained at a constant value of 50 bar by a hydropneumatic accumulator (see Fig. 6 ). A Tier II EEE certification gasoline was used with a carbon mass fraction of 86.5%, 29% aromatics content and a Reid vapor pressure of 62.7 kPa. The distillation curve can be found in Fig. 5 . Three independent chillers for the fuel, intake air, engine oil and coolant were used to keep the cold crank-start conditions, with all temperatures at 20°C. The pollutant emissions were monitored at the exhaust runner of cylinder 4 using fast response analyzers. The wet HC mole fraction was measured by a fast FID (Cambustion HFR400) with a 10 to 90% time response of 1 ms. The CO and CO2 wet mole fractions were measured by a fast NDIR (Cambustion NDIR500) with a 10 to 90% time response of 8 ms. Lastly, the particulate spectrum was measured using a differential mobility spectrometer (Cambustion DMS500) with a size range of 5-1000 nm and a 10 to 90% response of 300 ms. In comparison to the fast FID and fast NDIR analyzers, the time response of the DMS is two orders of magnitude slower, precluding crank-angle resolved measurements of the particle spectrum. Still, at t10-90% = 300 ms, the instrument's response time is sufficient to allow cycle-resolved measurement. However, as the engine speed increases during crank-start, the time interval between two consecutive exhaust events might not be long enough to allow the DMS to completely differentiate between the emissions of two adjacent engine cycles. To overcome this obstacle for performing a cycle-resolved analysis of the initial 3 cycles, an exhaust gas sampling system (EGSS) is used. The objective of the EGSS is to supply to the analyzer only the exhaust gases from the desired cycle, while blocking the exhaust gases from previous and following cycles. The EGSS is located upstream of the DMS (Fig. 6 ) and consists of two three-way solenoid valves connected in series. In the "closed" position ( Fig. 7-a) , the exhaust gas is circulated around the system by a rotary vane vacuum pump to in order to minimize dead volumes, while the DMS is allowed to sample ambient air in order to maintain its internal pressure within range.
In the "open" position ( Fig. 7-b ) the exhaust and sample flows are connected, and the DMS is able to perform the particle spectrum measurement for the desired engine cycle. The solenoid valves have a 3/32'' orifice and an opening time of 10 ms, which is fast enough to capture the exhaust flow period of 30 -100 ms. The EGSS is controlled by a programmable microcontroller that uses the crankshaft encoder signal as an input for the timely triggering of the solenoid valves.
The emission values reported in this paper are presented in terms of mass per cylinder per cycle. Due to the transient nature of the experiments, it is difficult to measure the time-resolved exhaust flow rate using an air-flow meter. Instead, the in-cylinder pressure during the exhaust stroke was used to calculate the exhaust mass flow rate. The latter was then integrated with the concentration measurements over the exhaust stroke. Further details on the methodology used to convert the mole fraction and concentration values to mass emissions per cycle can be found in Ref. [9] .
Experiment description
As pointed out in the experimental layout description (see Fig. 6 ), the study was done via cylinder #4 with the engine operating in singlecylinder mode. A direct consequence of this approach is the inability to achieve a speed transient that is representative of a 4-cylinder engine during crank-start. To circumvent this, the engine was torque-assisted by a 10hp electric motor during the simulated crank-start experiments.
The motor control and speed-ramp were adjusted to achieve similar speed traces between multi-cylinder and single-cylinder crank-start ( Fig. 8 ).
In all cases, an experimental run started with the engine motoring at cranking speed while the temperatures and the exhaust HC background concentration were monitored until steady state condition was achieved. After the steady-state motoring, and depending on the engine cycle of interest, one, two or three combustion events took place in cylinder 4 (see Fig. 8 a-c). Thereafter, engine was motored at a fixed speed for 50 additional engine cycles while the exhaust flow composition and temperatures were recorded. The engine was brought again to cranking-speed motoring until the purging of residual HC was completed and the steady-state condition was attained. Five experiments were performed for each experimental condition; the average values are reported. Spark timing / °CA aTDCcomp. demanded enrichment, the engine speed and the intake manifold pressure (speed-density calibration). Table 2 contains a summary of the typical values of the relevant parameters for the initial 3 engine cycles. 
Results and discussion
The results contained in this section deal with the effects of different parameters on the HC and PM/PN emissions performance of the initial 3 cycles during cold crank-start. The parameters studied are the spark timing, start of injection (SOI), and the fuel enrichment factor (FEF). The FEF is a dimensionless parameter used to quantify the fuel mass injected compared to the amount of fuel required to form a stoichiometric mixture with the inducted air; it is defined as follows:
The volumetric efficiency ηvol is referenced to the intake manifold condition; it is calibrated by motoring at steady state with the same engine speed as the instantaneous value during cranking.
Fuel enrichment factor effect 1 st cycle of cranking dependence on FEF1st
The impact of the FEF1st on the 1 st cycle HC and PM emissions has been covered in detail in a previous publication by the authors [9] . It is discussed here in connection to the 2 nd cycle of cranking. Some of the most important results and trends are shown in As it is the case with the 1 st cycle, which is already discussed at the beginning of this section, the 2 nd and 3 rd cycle pollutant emissions are also dependent on the current cycle's FEF. Figure 10 shows combustion λ, CO, HC and PM emissions for the 2 nd and 3 rd cycles as a function of FEF. Both 2 nd and 3 rd cycles exhibit similarities in the trends. The combustion λ decreases linearly with FEF, and with similar slopes in both cases (increasing FEF by 0.2 would decrease combustion  by approximately 0.1). As the combustion λ decreases to below 1.1, the CO emissions show a steep increase (Fig. 10-a As can be inferred from the 1 st cycle analysis in Fig. 9 , more than half of the fuel injected in the 1 st cycle does not participate in combustion. The remaining fuel is either pushed back into the intake manifold before IVC, absorbed into the lubricant oil, stored in the combustion chamber in the form of fuel films or lost to the crank-case in the form of blow-by gases. Some of this fuel will return to the cylinder, desorb from the oil layer or evaporate from the fuel films before the 2 nd ignition event and participate in combustion. Given the importance of the residual fuel on the mixture formation process, it must be included in the analysis of the 2 nd cycle FEF2nd requirement. In a previous study by the authors [10] Fig. 11 bottom) . The concept of the equivalent fuel mass exhausted (EFME) is introduced to facilitate the study of the impact that the residual fuel from the 1 st cycle has on the mixture formation of the 2 nd cycle. The EFME represents the amount of fuel necessary to produce the observed carbon mass exhausted, in the form of CO2, CO and HC, in a given cycle (see Eq. 2).
Thus EFME represents the amount of fuel vapor available for combustion in the cycle.
Figure 11 (top) shows the EFME of the 2 nd cycle as a function of the residual fuel for the case FEF2nd = 1.7. The EFME increases linearly with the residual fuel. The resulting slope shows that an increase in 1 mg in residual fuel would result in an increase of 2.9 mg in EFME. The experiment was repeated at FEF2nd values of 1.5, 1.9 and 2.1, and a similar slope was observed. Combustion  / - That the increase of EFME is faster than the increase in residual fuel is explained as follows. The impact of the 1 st cycle FEF1st on the 2 nd cycle mixture formation goes beyond the contribution of residual fuel from the 1 st to the 2 nd cycle. The 1 st cycle fuel amount has a significant effect on the NIMEP1st and on the combustion phasing at fixed spark timing [9] . As the heat release increases and is shifted to earlier points with higher 1 st cycle FEF1st, the wall heat transfer during the 1 st cycle increases as well. Figure 12 shows the total wall heat transfer as a function of FEF1st during the 1 st cycle. The heat transfer rate was calculated using the Woschni [20] correlation corrected for low engine speeds [21] .
The corresponding increase in cylinder wall temperature has an influence on the mixture formation process of the 2 nd cycle, as it favors the evaporation of the injected fuel. In order to assess the impact of the wall heating during the 1 st cycle on the 2 nd cycle mixture formation, the effect of residual fuel is separated from that of wall heating via two sets of experiments: For the first set of experiments, the wall heat transfer increases with spark advance; at the same time the residual fuel mass remains approximately unchanged; see Fig. 13 . The spark timing sweep range was selected to achieve a similar heat transfer range as the one resulting from the 1 st cycle FEF1st sweep (Fig. 12) . The dependence of the 2 nd cycle equivalent fuel mass exhausted as a function of the 1 st cycle total wall heat transfer for the case FEF2nd = 1.7 is shown in Fig. 14. As the 1 st cycle wall heat transfer is increased (through 1 st cycle spark advance) the 2 nd cycle EFME increases. Using a linear fit, the slope indicates that a 100 J increase in heat transfer would result in a 1mg increase in EFME. To further confirm the validity of these observations, the experiment was repeated at FEF2nd values of 1.5, 1.9 and 2.1; similar dependences of the EFME on the 1 st cycle heat transfer were observed. For the second set of experiments, the 2 nd cycle EFME as a function of the residual fuel, at constant 1 st cycle wall heat transfer is shown in Fig.  15 . The constant heat transfer condition was obtained by suppressing the ignition during the 1 st cycle. In this way, the wall heat transfer is only a result of the mixture compression. The residual fuel range achieved with this approach is between 3.5 and 6.5 mg (Fig. 15  bottom) . As shown in Fig. 15 (top) , the increase in 2 nd cycle EFME exhibits a monotonic trend with residual fuel. When the results are fitted linearly, the observed slope shows almost a 1-to-1 correspondence. Thus in the absence of change in wall temperature due to change in heat transfer, the increase in EFME corresponds to the increase in residual fuel from the previous cycle.
For consistency, the experiment was repeated at FEF2nd values of 1.9 and 2.1, and a similar trend of 2 nd cycle EFME against the residual fuel from the 1 st cycle (constant 1 st cycle heat transfer) was observed. The relative importance of the residual fuel and the wall heating effects on EFME of the 2 nd cycle may be assessed as follows: Here mR is the residual fuel mass from the 1 st cycle and Q is the wall heat transfer in the 1 st cycle. On the right-hand-side of Eq. (3), the first term represents the change of EFME in the second cycle due to the presence of the residual fuel from the first cycle; the second term represents the change of that due to the change in wall heat transfer in the first cycle.
The partial derivatives may be obtained from the experimental data: 
The above value is in line with the observed value of ΔEFME = 4.1 mg in Fig. 11 . More importantly, Eq. (4) shows that the effect of the change of the wall heat transfer in the 1 st cycle on the second cycle EFME is approximately 4 times that of the residual fuel amount.
Start of Injection (SOI) effect
The injection timing is an important parameter for the GDI cold-start calibration. The effect of SOI on the mixture formation process and engine out emission has been studied in the past for the 1 st combustion cycle [9] and for the cold fast-idle period [22, 23] . In this section the analysis is extended to the 2 nd and 3 rd cycles. The FEF and spark timing were held constant for each cycle as well as the SOI of the preceding cycles. The relevant experimental parameters used can be found in Table 3 . The choice of these values would give good HC and PM emissions for the reference cases; see Fig. 9 and 10. The NIMEP and HC emissions as a function of the injection timing are shown in Fig. 16 for the initial 3 cycles. The trends observed in the SOI sweeps are similar in shape for the initial 3 cycles, although the magnitudes differ. The following discussion applies to all 3 cycles studied. Injection timings earlier than SOI = 45°CA aTDCintake cause significant piston impingement and poor mixture formation. As SOI is retarded the piston impingement is reduced, favoring the mixture preparation and resulting in a sharp increase in NIMEP. At SOI = 75°CA aTDCintake the NIMEP reaches a local maximum and the HC emissions start to increase rapidly. From SOI = 75 to 180°CA aTDCintake the interaction between the injection spray and the intake valve has a noticeable effect on the NIMEP and HC emissions. The intake valve lift profile is shown in Fig. 16 (bottom) . The maximum intake valve lift corresponds with a local minimum in NIMEP and a local maximum in HC emissions. However, as the crank-start progresses from the 1 st to the 3 rd cycle, the spray/valve interaction has a diminishing impact on HC emissions and an increasing effect on NIMEP (see Table 4 ). Table 4 . Effect of spray/valve interaction on NIMEP and HC emissions for the initial 3 cycles. Injection timings in the initial part of the compression stroke, where the intake valve lift is lower than 6 mm, result in a flat region of low HC emissions. As the SOI is further delayed between 240 and 300°CA aTDCintake, the HC emissions increase due to the decay in turbulence intensity and its negative effect on mixture formation [22] . In the case of the 3 rd cycle, the engine misfired and the results are not reported. After SOI=300°CA aTDCintake, the spray/piston interaction results in mixture stratification in the vicinity of the spark plug, enabling robust combustion but with an increase in HC emissions. Figure 17 shows the PM/PN emissions as a function of the SOI for the initial 3 cycles. Common to all 3 cycles, injection timings in the first half of the intake stroke result in higher PM/PN emissions in comparison to SOI in the late intake stroke. In contrast to the HC emissions, the interaction between the injection spray and the intake valve leads to a reduction in PM emissions. In the case of the 1 st cycle, the minimum PM/PN emissions are achieved for SOI during the early compression stroke. After this point the PM emissions increase monotonically with SOI retard, mainly due to interaction with the piston. The 2 nd cycle PM/PN dependence on SOI shows a similar behavior. The SOI for minimum PM/PN is located in the region of The changes observed in PM emissions with SOI and cycle number are significant, covering orders of magnitude. The observed increase in PM with SOI retard is driven by the increase in particle nucleation (PN emissions). The reduction in PM from the 1 st to the 3 rd cycle is a result of both lower particle nucleation and reduced agglomeration rate (smaller particle size).
Combustion phasing effect
The use of retarded spark timing during the cold fast-idle period (first 20 sec. of FTP-75) is a common strategy in the cold-start calibration of LDVs [24] for accelerating the catalyst light-off time and reducing the engine-out HC emissions. The reduction in HC emissions with spark retard is mainly associated with the in-cylinder consumption of the fresh mixture stored in the crevice volumes by the flame, with postflame and exhaust runner oxidation playing less important roles [25] . During the cold crank-start of GDI engines, the significant overfueling necessary to form a combustible mixture results in the formation of fuel films. The liquid fuel films become a dominant source for HC emissions, comparable to or greater than the crevice storage mechanism [7] . Higher burned gas temperatures in the expansion process with retarded timing promotes both the evaporation and oxidation of the HC contained in the fuel films. Thus, the impact of late combustion phasing on crank-start HC emissions in not straight forward. Figures 18 and 19 show the dependence of NIMEP, HC and PM emissions on the combustion phasing, quantified by the point for 50% of heat release (CA50). The FEF and SOI were held constant for each cycle; the CA50 of the preceding cycles were also held constant (see Table 5 ). The selection of the nominal FEF and SOI for each cycle was based on the emissions and NIMEP trends presented on the preceding sections.
Due to the low engine speed and the rapid change in speed during crank-start, especially for the 1 st cycle, the usual notion of combustion phasing for MBT (CA50 ~ 7° aTDCcomp.) does not apply [26] . Figure  18 (top) shows the NIMEP as a function of CA50 for the first 3 cycles. The maximum NIMEP is achieved at CA50 ~10° aTDCcomp. for the 1 st cycle, and at CA50 ~5° aTDCcomp. for the 2 nd and 3 rd cycles.
The HC emissions of the 1 st cycle are insensitive to combustion phasing, the values remain constant at 1.3 mg/cyl./cycle for the entire sweep. This observation suggests that the 1 st cycle HC emissions predominantly derive from the liquid film. Unlike the crevice stored HC, the fuel vapor from liquid films is not premixed with air, and its oxidation is less sensitive to increased post-flame temperatures associated with the combustion retard. In contrast, the HC emissions for the 2 nd and 3 rd cycles are reduced with later combustion phasing, undergoing a 30% reduction for the range of combustion phasing delay in this study. The observation suggests an increasing importance of the crevice mechanism as the liquid film is much reduced in the 2 nd and 3 rd cycle. The PM/PN emissions as a function of combustion phasing are presented in Fig. 19 . The formation of the particulates is driven by the pyrolysis of the fuel rich mixture created by evaporation of the liquid fuel films [22] . As combustion is delayed, the time available for the mixing of the vapor originating from the liquid fuel films increases while the time for particulate nucleation through fuel vapor pyrolysis and accumulation through HC condensation is reduced. As a result, for each of the 3 cycles studied the PM is reduced by more than one order of magnitude with late combustion phasing, due to lower particulate number and smaller median particulate size.
Conclusions
The effects of fuel amount, injection timing and spark timing on the HC and PM emissions of the first 3 cycles during cold crank-start (20°C) were studied in a wall guided gasoline direct injection engine.
The main results can be summarized as follows:
1. The adverse conditions of low temperature and limited charge motion (because of the low speed) during cold crankstart result in mixture inhomogeneity. Consequently, aiming for an overall combustion λ of 1 is not a viable strategy as it increases the CO, HC and PM emissions. The amount of fuel injected needs to be large enough to reduce the risk of misfire or partial burn, and sufficiently small to control the engine out emissions. The results show that the optimum fuel enrichment factor (FEF) for the initial 3 cycles are FEF1st = 2.5, FEF2nd = 1.7 and FEF3rd = 1.5.
2. For the range of FEF studied, the HC emissions for the initial 3 cycles are of the same order of magnitude; between 1 and 1.5 mg/cyl./cycle. In contrast, the PM emissions per cycle are reduced by more than an order of magnitude as the crankstart progresses form the 1 st to the 3 rd cycle.
3. The FEF history has an influence on the mixture formation through two mechanisms. First, as the FEF of previous cycle increases, so does the residual fuel mass. Second, the amount and point of heat release for the previous cycles is a function of FEF. The heat release increase of the previous cycles translates into wall heating, impacting the fuel evaporation and mixture formation process of the current cycle. The effect of wall heating is estimated to be approximately 4 times that of the residual fuel mass on the amount of combustible fuel vapor prepared in the current cycle.
4. The SOI selection for minimizing the pollutant emissions presents a tradeoff. The lowest HC emissions are achieved for SOI during the first half of the intake stroke, for intake valve lifts lower than 5 mm. Contrary, the minimum PM emissions are achieved for SOI during the intake stroke with the intake valve lift greater than 5 mm. Injection during the early compression stroke results in a good compromise for both HC and PM emissions.
5. The effect of fuel spray interaction with the intake valve on HC emissions is reduced as the crank-start progresses from the 1 st to the 3 rd cycle because less fuel is injected in the later cycles.
6. The HC emissions of the 1 st cycle are insensitive to combustion phasing. For the 2 nd and 3 rd cycles, spark timing retard results in approximately a 30% reduction as CA50 goes from -10 to 30° aTDCcomp.. For the 3 cycles studied, the observed PM reduction with combustion retard is larger than an order of magnitude as CA50 goes from -10 to 30° aTDCcomp.. 
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